Introduction
Some form of apoptosis may contribute to the pathogenesis of disease in motor neurons (MNs) in people with amyotrophic lateral sclerosis (ALS) (Martin, 1999; Mattson et al., 1999; Sathasivam et al., 2001; Waldmeier, 2003) . Apoptosis is an organized form of cell death that eliminates superfluous cells normally during development (Glücksmann, 1951; Oppenheim, 1991) , or damaged cells after injury or aberrant replication/repair (Rich et al., 2000) , and is mediated by active, intrinsic mechanisms (Danial and Korsmeyer, 2004) . MNs in individuals with ALS sustain DNA damage (Ferrante et al., 1997; McClendon and Martin, 2003) , and the tumor suppressor protein p53 may participate in the mechanisms of MN apoptosis in ALS (Martin, 2000) . Mutations in superoxide dismutase-1 (SOD1) can cause MN disease in some forms of familial ALS Rosen et al., 1993) ; however, ϳ98% of ALS patients do not have SOD1 mutations. SOD1 has antiapoptotic functions in cultured neurons (Greenlund et al., 1995) , and MNs deficient in SOD1 have enhanced vulnerability to axotomy (Reaume et al., 1996) . Knowledge of the mechanisms of apoptosis in adult MNs is limited compared with developing MNs. Neurotrophin deprivation has an important role in adult MN death (Wu et al., 2003) . A role for nitric oxide (NO) in adult MN death was recognized by Wu and colleagues (Wu, 1993; Wu and Li, 1993) , but the specific contributions of the different isoforms were not examined and still have not been investigated in vivo. Since then, neuronal NO synthase (nNOS) and superoxide anion (Estévez et al., 1998; Estévez and Jordán, 2002) as well as Fas receptor (Raoul et al., 1999) have been implicated in the death of embryonic MNs induced by trophic factor deprivation and zinc-deficient SOD1 (Estévez et al., 1999) in vitro. The formation of peroxynitrite (ONOO Ϫ ) in MNs seems to play a critical role in this MN death in vitro. Fas can mediate axotomy-induced MN death in the neonatal brainstem but is not required for developmental programmed cell death of MNs (Ugolini et al., 2003) .
We have used an animal injury model of neurodegeneration to further understand the in vivo mechanisms of adult MN apoptosis. Avulsion of the sciatic nerve induces retrograde degeneration lumbar MNs. The MNs die by a process with morphological characteristics of apoptosis Martin and Liu, 2002a) . This cell death requires the presence of the Bax and p53 genes, further supporting a role for apoptosis in this neurodegeneration and the possible role of genome instability as a trigger (Martin and Liu, 2002a) . Despite this and other (Wu et al., 2003) information, the upstream mechanisms of adult MN apoptosis are not yet clear. In this study, we examined the roles played by the Fas death receptor pathway and the different isoforms of NOS in mediating MN apoptosis in an adult in vivo model. A more complete understanding of the molecular mechanisms that trigger and regulate MN apoptosis could be relevant therapeutically to ALS and other disorders of MNs, leading to more selectively targeted drug treatments.
Materials and Methods
Animals and lesion paradigm of MN apoptosis in vivo. A unilateral sciatic nerve avulsion (SNA) served as the model for producing axotomy and target deprivation of spinal MNs in the rat and mouse. SNA lesions were done on adult (weight, ϳ150 -300 g) male Sprague Dawley rats (n ϭ 100; Charles River, Wilmington, MA) and on adult (6 -8 weeks of age) male mice deficient in nNOS (B6;129S4-Nos 1tm1Plh /J), inducible NOS (iNOS) (B6;129P-Nos2 tm1Lau ), endothelial NOS (eNOS) (B6;129P2-Nos3 tm1Unc /J), p75 (B6.129S4-Ngfr tm1Jae /J, congenic), and p53 (B.6129S2-Trp53 tm1Tyj , congenic). Lesions were also done on adult mice with spontaneous mutations in Fas (B6.MRL-Tnfrsf6 lpr /J, congenic) and Fas ligand (FasL) (B6Smn.C3-Tnfsf6 gld /J, congenic), as well as on transgenic (tg) mice expressing the normal allele of the human SOD1 gene (B6SJL-TgN-SOD1 2Gur ) and on tg mice expressing human mutant SOD1 (mSOD1) containing the Gly933 Ala substitution (B6SJL-TgN-SOD1-G93A 1Gur ). Six-week-old tg mSOD1 mice are presymptomatic and do not become symptomatic until ϳ13 weeks of age (Gurney et al., 1994) . B6129SF2/J mice were controls for nNOS Ϫ/Ϫ mice. B6129PF2/J mice were controls for iNOS Ϫ/Ϫ mice. C57BL/6J mice were controls for eNOS Ϫ/Ϫ , Fas lpr , FasL gld , p75 Ϫ/Ϫ , and p53 Ϫ/Ϫ mice. Mice (16 -20 per genotype) were purchased from The Jackson Laboratory (Bar Harbor, ME). The Institutional Animal Care and Use Committee approved the animal protocols. The validation and reproducibility of this MN degeneration model in the rat and mouse has been described previously Martin and Liu, 2002a) .
Cell counting. Wild-type (wt), null, and tg mice were killed at 7, 14, or 21 d after SNA. Animals were anesthetized with an overdose of sodium pentobarbital and perfused intracardially with ice-cold PBS (100 mM, pH 7.4), followed by ice-cold 4% paraformaldehyde in PBS. After perfusion fixation, spinal cords remained in situ for 2 h before they were removed from the vertebral column. After the spinal cords were removed, lumbar enlargements were dissected under a surgical microscope, and L4, L5, L6, and S1 segments were cryoprotected in 20% glycerol-PBS and frozen under pulverized dry ice. Transverse serial symmetrical sections (40 m) through the spinal cord were cut using a sliding microtome and stored individually in 96-well plates. Sections were selected with a random start and systematically sampled (every ninth section) to generate a subsample of sections from each mouse lumbar spinal cord that were mounted on glass slides and stained with cresyl violet for neuronal counting. Neuronal counts in the ipsilateral and contralateral ventral horns were made at 1000ϫ magnification using the stereological optical disector method as described previously (Calhoun et al., 1996; Martin et al., 1999) . MNs without apoptotic structural changes were counted using strict morphological criteria. These criteria included a round, open, pale nucleus (not condensed and darkly stained), globular Nissl staining of the cytoplasm, and a diameter of ϳ30 -45 m. With these criteria, astrocytes, oligodendrocytes, and microglia were excluded from the counts. Neuronal counts were used to determine group means and variances, and comparisons among groups were analyzed using a one-way ANOVA and a NewmanKeuls post hoc test. The experiments were controlled at two levels. Neuronal counts in the contralateral ventral horn always served as controls for the ipsilateral ventral horn in lesioned null mice. In addition, neuron counts in wt mice served as strain controls.
Immunohistochemistry for signal transduction proteins. The expression and localization patterns of nNOS, iNOS, Fas, phospho Ser15 -p53, and caspase-8 were examined in spinal MNs during apoptosis at the lightmicroscopic level in rats and mice. Animals received a unilateral SNA and were anesthetized and perfusion fixed at 2, 4, 5, 7, and 10 d after lesion (n ϭ 6 animals per time point). The spinal cords were prepared as described above. Serially cut sections were systematically random sampled for immunohistochemical processing and subsequent counting of immunopositive neuronal cell bodies. After a random start, a one-in-five series of sections from the lumbosacral spinal cord was subsampled for immunohistochemical analyses. Proteins were detected using a standard immunoperoxidase method with diaminobenzidine (DAB) as chromogen. nNOS was detected with four different affinity-purified rabbit polyclonal antibodies obtained from Transduction Laboratories (Lexington, KY), Upstate Biotechnology (Lake Placid, NY), Chemicon (Temecula, CA), and ImmunoStar (Hudson, WI). iNOS was detected with two monoclonal antibodies purchased from Transduction Laboratories and Santa Cruz Biotechnology (Santa Cruz, CA) and four different polyclonal antibodies obtained from Transduction Laboratories, Upstate Biotechnology, Incstar (Stillwater, MN), and Sigma (St. Louis, MO). Fas was detected with a monoclonal antibody (BD Biosciences, Franklin Lake, NJ). Full-length and cleaved forms of caspase-8 were detected with a polyclonal antibody (NeoMarker, Fremont, CA), and a monoclonal antibody specific for the small subunit of cleaved capsase-8 (Cell Signaling, Beverly, MA) was used. Phosphorylated p53 was detected with a rabbit antibody to serine-15 phosphorylated p53 (Cell Signaling). The specificities of these antibodies were evaluated by immunoblotting or have been evaluated previously (Northington et al., 1996; Martin et al., 2001; Martin and Liu, 2002a; Graham et al., 2004) . Negative control sections were incubated in comparable dilutions of IgG or with the primary or secondary antibody omitted. For iNOS and nNOS immunostaining, spinal cord sections from iNOS Ϫ/Ϫ and nNOS Ϫ/Ϫ mice were used also as negative controls. Immunopositive neurons were counted as described previously (Martin and Liu, 2002a) .
Immunohistochemistry for DNA damage, oxidative stress, and DNA repair enzymes. Mice with NOS gene deletions and rats received a unilateral SNA and were killed by an overdose of sodium pentobarbital and perfusion fixation (4% paraformaldehyde) at 2, 4, 5, 7, and 10 d after lesion (n ϭ 6 animals per time point). Six-week-old tg SOD1 mice received a unilateral SNA and were perfusion fixed at 2, 4, and 5 d after lesion. The spinal cords were removed from the vertebral column and cryoprotected in phosphate-buffered 20% glycerol. An additional group of wt and mSOD1 mice with SNA (n ϭ 4 mice per genotype) were perfused, and samples of the spinal cord were embedded in plastic. A peroxidase-antiperoxidase detection method was used for immunocytochemical staining of free-floating lumbar spinal cord sections with DAB as chromogen. Two different forms of nucleic acid damage were assessed. Hydroxyl radical damage to DNA and RNA was detected with monoclonal antibodies to 8-hydroxy-2-deoxyguanosine (OHdG), obtained from QED Bioscience (San Diego, CA) and OXIS International (Portland, OR). These antibodies to OHdG have been evaluated for specificity by multiple approaches (Al-Abdulla and Martin, 1998; Martin et al., 1999) . In competition experiments, sections were reacted with an antibody to OHdG that was incubated at 4°C for 24 h with 1000-fold concentrations of OHdG, 8-hydroxyguanosine, or guanosine . As additional controls for staining specificity, it has been shown that OHdG immunoreactivity (IR) is attenuated by digestion with DNase (5-10 mg/ ml) or RNase (11-50 mg/ml) before incubation with OHdG antibody . A monoclonal antibody (Alexis Biochemicals, San Diego, CA) to single-stranded DNA (ssDNA) was used. The ssDNA immunodetection protocol requires pretreatment of sections with 0.2 mg/ml saponin and 20 g/ml proteinase K (20 min at room temperature) and then with 50% formamide (20 min at 56°C) for DNA denaturation. Staining for ssDNA has been reported to be a specific and sensitive method for the detection of apoptotic cells (Frankfurt et al., 1996) . Tyrosine nitration was used as a footprint indicator of ONOO Ϫ formation (Reiter et al., 2000) . Spinal cord sections were incubated with a mouse monoclonal antibody to nitrotyrosine (Upstate Biotechnology). To determine whether NOS gene deletions altered the level of basal constitutive DNA repair proteins, we evaluated 8-oxoguanine (8-oxoG) DNAglycosylase (Ogg1), which catalyzes the release of 8-hydroxyguanine opposite the pyrimidine from DNA (Boiteux and Radicella, 2000) , and apurinic/apyrimidinic endonuclease (APE), which is a multifunctional enzyme responsible for repairing abasic sites in DNA (Christmann et al., 2003) . Ogg1 was detected with a polyclonal antibody (Novus Biologicals, Littleton, CO). APE was detected with a monoclonal antibody (Affinity Bioreagents, Golden, CO).
Neurons showing immunopositivity in the ipsilateral and contralateral spinal ventral horns were counted at 1000ϫ magnification in subsampled sections from each mouse or rat by an observer unaware of experimental history. For OHdG and ssDNA, only MNs with nuclear staining were counted. For nitrotyrosine staining, MNs with nuclear and cytoplasmic IR were counted. Careful focusing through the z-axis was used to distinguish nuclear labeling from cytoplasmic labeling. Group means and variances were evaluated statistically by one-way ANOVA and a Newman-Keuls post hoc test.
NADPH diaphorase histochemistry. NADPH diaphorase histochemistry is a method to specifically detect cells that can produce NO (Hope et al., 1991) . All animals were perfusion fixed identically with 4% paraformaldehyde for this assay. Free-floating rat and mouse spinal cord sections were rinsed in 0.1 M phosphate buffer (PB) and incubated in an enzyme reaction solution containing 0.1 M PB, pH 7.8, 1 mM NADPH, 0.8 mM nitroblue tetrazolium, 8 mM monosodium malate, 10% DMSO, and 0.8% Triton X-100. The sections were reacted at room temperature for 30 min, transferred to PB, rinsed for 30 min, and mounted on glass slides. Negative controls were done by replacing the NADPH ␤-isomer with ␣-isomer, using spinal cord sections from nNOS Ϫ/Ϫ and iNOS Ϫ/Ϫ mice, and preincubating sections in iNOS inhibitor S-methylisothiourea sulfate (Santa Cruz Biotechnology).
NO and ONOO Ϫ imaging. NO and ONOO Ϫ productions in MNs in vivo were tracked using 1,2-diaminoanthraquinone (DAA; Molecular Probes, Eugene, OR) and 6-carboxy-2Ј,7Ј-dichlorohydrofluorescein diacetate di(acetoxymethyl ester) (H 2 DCFDA; Molecular Probes), respectively. As an aromatic vicinal diamine, DAA is nonfluorescent, but it reacts selectively with NO to yield a fluorescent product (Heiduschka and Thanos, 1998; Chen et al., 2001; von Bohlen und Halbach et al., 2002) . H 2 DCFDA has been used to track ONOO Ϫ in embryonic MNs in vitro (Estévez et al., 1999) , although it is not specific for only ONOO Ϫ because it can detect other oxidants. Tracers were prepared in Influx (Molecular Probes) pinocytic cell-loading reagent. MNs were loaded in vivo by bilateral injection of DAA or H 2 DCFDA into the gastrocnemius. The tracers are endocytosed at the neuromuscular junction and transported retrogradely. One day later, the animals received a unilateral SNA. The contralateral nonlesioned side served as a control. As a negative control, N G -nitro-L-arginine methyl ester (L-NAME) was injected (50 mg/kg, i.p.) to inhibit all forms of NOS.
Single-cell densitometry. The NADPH diaphorase, NO, and ONOO Ϫ histochemical preparations of the spinal cord were analyzed quantitatively with single-cell densitometry (Shaikh and Martin, 2002) . Images of nonlesioned and lesioned lumbar MNs were captured photographically on black-and-white film at 1000ϫ magnification by an observer unaware of the case history. For each case, ϳ50 neurons, cut through the approximate cell center as judged by the nucleus, were acquired from lesioned and nonlesioned sides from each animal. The films of individual MNs were scanned and saved as TiFF files. For each neuron, measurements were obtained by delineating the cell of interest using densitometry software (Inquiry; Loats Associates, Westminster, MD). Relative enzyme activity and DAA or H 2 DCFDA fluorescence intensity were reflected by the average-integrated intensity of film emulsion grain density. Group means and variances were evaluated statistically by one-way ANOVA and a Newman-Keuls post hoc test.
Immunoblotting. Fas, iNOS, nNOS, and cleaved caspase-8 protein levels were detected by immunoblotting during the progression of MN apoptosis. Ogg1 levels were examined in nonlesioned NOS null mice. The antibodies used were the same as those used for immunohistochemistry. Samples of lumbar spinal cord ventral horn columns (ipsilateral and contralateral) were collected at 2-5 d after SNA for tissue homogenization and immunoblotting. Animals were deeply anesthetized with sodium pentobarbital and decapitated, and the spinal cord was removed quickly and placed in ice-cold dissection medium. Under a microsurgical stereomicroscope, the lumbar spinal cord was dissected segment by segment. Spinal cord segments L3-L6 and S1-S3 were isolated as transverse slabs. Using iridectomy scissors and a number 11 scalpel blade, the ventral horn gray matter on the ipsilateral (lesioned) and contralateral (control) sides was microdissected from the dorsal horn and the surrounding white matter funiculi and frozen quickly on dry ice. Spinal cord samples from ipsilateral and control sides were pooled from six rats for each time point. Microdissected spinal cord ventral horn samples were homogenized with a Brinkmann (Raleigh, NC) Polytron in ice-cold 20 mM Tris HCl, pH 7.4, containing 10% (wt/vol) sucrose, 200 mM mannitol, complete protease inhibitor cocktail (Roche, Welwyn Garden City, UK), 0.1 mM phenylmethylsulfonyl fluoride, 10 mM benzamidine, 1 mM EDTA, and 5 mM EGTA. Crude homogenates were sonicated for 15 s and supplemented with 20% (wt/vol) glycerol. Protein concentrations were measured by a Bio-Rad (Hercules, CA) protein assay with bovine serum albumin as a standard. Proteins from ipsilateral and contralateral spinal cord samples were subjected to 15% SDS-PAGE and transferred to nitrocellulose membrane by electroelution as described previously (Martin, 1999) . The reliability of sample loading and electroblotting in each experiment was evaluated by staining nitrocellulose membranes with Ponceau S before immunoblotting. If transfer was not uniform, the blots were discarded and gels were run again. The blots were blocked with 2.5% nonfat dry milk with 0.1% Tween 20 in 50 mM Tris-buffered saline, pH 7.4, and incubated overnight at 4°C with an antibody. The antibodies were used at concentrations for visualizing protein IR within the linear range (Lok and Martin, 2002) . After the primary antibody incubation, the blots were washed and incubated with a horseradish peroxidaseconjugated secondary antibody (0.2 g/ml), developed with enhanced chemiluminescence (Pierce, Rockford, IL), and exposed to x-ray film. The blots were then reprobed with a monoclonal antibody to synaptophysin (Boehringer Mannheim, Indianapolis, IN) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Research Diagnostics, Flanders, NJ) as a control for protein loading.
DNA repair activity. Ogg1 enzyme activity was determined in nNOS Ϫ/Ϫ , iNOS Ϫ/Ϫ, and wt mice using an in vitro DNA repair assay (Hollenbach et al., 1999) . Cellular fractions from the forebrain and spinal cord were incubated with a 24-mer, duplex oligonucleotide containing 8-oxoG at the 10th position (R & D Systems, Minneapolis, MN) that was end-labeled with digoxigenin-11-dideoxyuridine-5-triphosphase using terminal deoxynucleotidyl transferase. This synthetic oligonucleotide is suitable as a substrate for Ogg1 when hybridized to its complementary oligonucleotide (Hollenbach et al., 1999) . Ogg1 catalyzes the removal of the 8-oxoG through cleavage of the DNA phosphodiester bond following Schiff base chemistry (Boiteux and Radicella, 2000) . An identical oligonucleotide without the 8-oxoG adduct was used as a negative control. Activity assays were done in a 20 l reaction volume containing buffer (20 mM Tris, pH 8.0, 1 mM EDTA, 1 mM DTT, and 0.1 mg/ml BSA), 1 pmol of oligonucleotide, and 40 g of nuclear fraction protein and incubated for 1 h at 37°C. The reaction was terminated by the addition of alkaline gel loading buffer and heated to 95°C for 10 min. The products were separated by 20% denaturing PAGE in the presence of 8 M urea in Tris-borate EDTA. The gels were transferred to nylon membrane and probed with antibody to digoxigenin (Roche) as described previously ) to visualized intact and cleaved oligonucleotide.
Antioxidant gene therapy and pharmacotherapy. We studied whether oxidative stress participates in the mechanisms of avulsion-induced MN apoptosis in the adult spinal cord by determining whether antioxidant therapies are neuroprotective. Transgenic and pharmacological therapies were used. A unilateral SNA was done on tg mice expressing normal human SOD1 (n ϭ 6) and human G93A mSOD1 (n ϭ 12) and on wt non-tg B6SJLF1/J mice (n ϭ 6). For pharmacotherapies, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and ascorbic acid (vitamin C) were used as antioxidants. Trolox, a water and lipidsoluble vitamin E derivative is a cell-permeable free radical scavenger that can prevent radiation-induced and ONOO Ϫ -induced apoptosis in vitro (Salgo and Pryor, 1996) and methylmercury-induced neuronal apoptosis in vivo (Usuki et al., 2001 ). Trolox (Calbiochem, La Jolla, CA and Aldrich, Milwaukee, WI) was dissolved in ethanol/saline at a stock concentration of 50 mg/ml. Studies showing the antioxidant actions of ascorbate are numerous (Carr and Frei, 1999) . Ascorbate was dissolved in saline. Rats (n ϭ 40) were treated daily starting 3 d before lesion through day 21 after lesion with Trolox (50 mg/kg, i.p.), ascorbic acid (50 mg/kg, i.p.), or the corresponding vehicle. Each treatment group included 10 animals. Mice and rats with test therapies were killed by perfusion fixation (4% paraformaldehyde) at 21 d after lesion. In follow-up experiments with mSOD1 mice, additional postlesion time points were 2, 4, 5, 7, and 14 d. After perfusion fixation, spinal cords were allowed to remain in situ for 2 h before they were removed from the vertebral column. The spinal cords were cryoprotected in 20% glycerol-PBS, uniformly blocked, and frozen under pulverized dry ice. Transverse serial symmetrical sections (40 m) through the lumbosacral cords were cut using a sliding microtome. Serial sections from each mouse and rat spinal cord were mounted on glass slides and stained with cresyl violet for neuronal counting. MN counts in the ipsilateral and contralateral sides were determined by an operator unaware of sample experimental history at 1000ϫ magnification using the stereological optical disector method (Calhoun et al., 1996; Martin et al., 1999) . Neuronal counts were used to determine group means and variances, and comparisons among groups were performed using a one-way ANOVA and a post hoc Newman-Keuls test.
Results

Adult MNs lacking functional Fas death receptors are resistant to apoptosis
Lack of a functional Fas receptor conferred MN protection after SNA. At 21 d after SNA, wt C57BL/6J mice had a 56% loss of ipsilateral lumbar MNs; in contrast, mice expressing nonfunctional Fas showed a 17% loss of ipsilateral lumbar MNs ( Fig.  1 A, B) . This effect was specific for Fas death receptor compared with another death receptor, because deletion of the low-affinity nerve growth factor (NGF) receptor p75 did not influence the amount of MN loss after SNA (Fig. 1 A) . Deletion of Fas ligand protected partially against the MN apoptosis ( Fig. 1 A, C) . Immunohistochemistry revealed an upregulation in Fas protein in lesioned rat MNs by 5 d after SNA (Fig. 1 D, E) . Immunoblotting of discretely microdissected ventral horn samples showed an increase in Fas protein in the ipsilateral lumbar spinal cord at 5-10 d after SNA (Fig. 1 I) . Increased levels of Fas death receptor protein in the ipsilateral ventral horn at 5 d after SNA were accompanied by increased levels of the active cleavage product of caspase-8 (the p10 subunit) and other processed caspase-8 products (the p 43/41 subunit) as shown by immunoblotting (Fig.  1 H) and immunohistochemistry (Fig. 1I) .
The Fas gene promoter has a p53-response element (Müller et al., 1998) , and p53 gene deletion protects strongly against MN apoptosis induced by SNA (Martin and Liu, 2002a) . Therefore, potential links between Fas and p53 were examined in apoptotic MNs. Upregulation of Fas in MNs after SNA was attenuated in p53 Ϫ/Ϫ mice ( Fig. 1 F) , indicating that Fas is downstream to p53. In contrast, p53 activation, as indicated by the detection of phosphoSer 15 -p53, was present in lesioned MNs in mice with mutant Fas (Fig. 1G) .
Adult MNs deficient in nNOS and iNOS escape injury-induced apoptosis
Normal adult MNs expressed constitutively nNOS and iNOS but not eNOS (Fig. 2) . The presence of nNOS IR in MNs (Fig. 2 F) was confirmed with four different antibodies, and, similarly, the presence of iNOS IR in MNs (Fig. 2G) 
B6129SF2/J mice (controls for nNOS
Ϫ/Ϫ mice) and B6129PF2/J mice (controls for iNOS Ϫ/Ϫ mice) had a 62 and 57% elimination of lumbar MNs, respectively (Fig. 2 A-E) . In contrast, MN loss in nNOS Ϫ/Ϫ and iNOS Ϫ/Ϫ mice was 26 and 15%, respectively. There was no statistically significant difference between the amount of neuroprotection in iNOS and nNOS mice (Fig. 2 A) . Mice deficient in eNOS were not protected against the loss of MNs (Fig. 2 A) . Immunohistochemistry and immunoblotting revealed an increase in nNOS protein levels in MNs in the ipsilateral lumbar spinal cord compared with contralateral IR (Fig. 2 F, H,I ). In contrast, iNOS levels in injured MNs decreased compared with control MNs (Fig. 2G-I ) .
The presence of NOS was assessed also by NADPH diaphorase staining. NADPH diaphorase staining was observed in nonlesioned MNs, and enzyme activity increased in injured MNs (Fig.  3 A, B) , consistent with other studies (Wu, 1993) . Enzyme activity was quantified in individual MNs using single-cell densitometry (Skaikh and . NADPH diaphorase activity progressively increased in ipsilateral MNs during the first postlesion week (Fig. 3B) . NOS Ϫ/Ϫ mice were used to determine the contributions of iNOS and nNOS to the NADPH diaphorase staining in MNs. The NOS isoforms contributed differentially to the constitutive NADPH diaphorase activity in MNs (Fig. 3C ). MNs in iNOS Ϫ/Ϫ mice had very low basal NADPH diaphorase activity, but enzyme activity was enriched in smaller neurons and neuropil in the dorsal horn (substantia gelatinosa) and around the central canal; in contrast, MNs in nNOS Ϫ/Ϫ mice retained wt-like levels of NADPH diaphorase activity, but smaller interneuron-like neurons throughout the spinal cord and the neuropil of the substantia gelatinosa did not possess activity (Fig. 3C) . Incubation of sections from wt and nNOS Ϫ/Ϫ mice with 100 M iNOS inhibitor attenuated the NADPH diaphorase staining in MNs (data not shown). Because the basal level of iNOS and the induced level of nNOS could contribute to the MN apoptosis, we measured NADPH diaphorase activity in nNOS Ϫ/Ϫ and iNOS Ϫ/Ϫ mice after SNA. The SNAinduced NADPH diaphorase activity in MNs was significantly attenuated in both nNOS Ϫ/Ϫ and iNOS Ϫ/Ϫ mice, but the block in the induction of NADPH diaphorase staining was vastly greater in iNOS Ϫ/Ϫ mice compared with nNOS Ϫ/Ϫ mice ( Fig. 3 D, E) . NO synthesis in MNs was assessed using the DAA assay (Fig. 3 F, G ). An NO signal was barely detectable in nonlesioned MNs. NO production was elevated significantly in lesioned MNs. NO levels progressively increased in ipsilateral MNs during the first postlesion week, peaking at 5 d after lesion (Fig. 3E) . L-NAME blocked the DAA fluorescence (data not shown).
Injured MNs generate ONOO
؊ preapoptotically ONOO Ϫ generation in MNs was assessed using the H 2 DCFDA assay (Fig. 3 H, I ). The ONOO Ϫ signal was not detectable in nonlesioned MNs (Fig. 3H ) . ONOO Ϫ production was elevated in lesioned MNs at 5 d after lesion (Fig. 3I ) . Immunostaining for nitrotyrosine was used as a footprint for the presence of ONOO Ϫ in MNs. A low level of nitrotyrosine staining was present in subsets of nonlesioned MNs (Fig. 4) . In lesioned MNs, nitrotyrosine staining was increased (Fig. 4 A, bottom) . The number of MNs immunoreactive for nitrotyrosine was increased by 4 d after SNA, peaking at 5 d after lesion, and declining thereafter. Nitrotyrosine IR was present in the cell bodies, axons, and nucleus of lesioned MNs. Staining with nitrotyrosine antibodies was blocked by preadsorption of antibody with 3-nitrotyrosine but was unaffected by tyrosine (data not shown).
DNA and RNA damage accumulates rapidly in injured MNs before apoptosis
Adult MN apoptosis induced by SNA is p53 dependent (Martin and Liu, 2002a) . Activated p53 is found in MNs preapoptotically (Fig. 1G) (Martin and Liu, 2002a) , indicative of DNA damage Jayaraman and Prives, 1995) . Therefore, MNs were evaluated for DNA damage at early, preapoptotic, postlesion time points (Fig. 5) . DNA damage was assessed with two different immunomarkers. OHdG IR was seen in the nucleus and cytoplasm of MNs (Fig. 5A ). This IR is specific because the intensity of cytoplasmic and nuclear immunolabeling can be altered, respectively, by RNase and DNase pretreatment and by preadsorption of antibody with 8-hydroxyguanosine and OHdG, indicating hydroxyl adduct modified RNA and DNA (Al-Abdulla and Martin, 1998; Martin et al., 1999) . Both the overall intensity of staining in labeled MNs and the number OHdG-immunopositive MNs changed in the spinal cord after SNA (Fig. 5A) . The number of MNs with nuclear OHdG IR was increased ipsilaterally during and after the first postlesion week (Fig. 5A) . The increase was progressive between 2 and 5 d, peaking at 5 d, and then the number of immunopositive MNs declined. Immunostaining for ssDNA was localized as particles within the cytoplasm, possibly corresponding to mitochondrial DNA labeling, and as nuclear staining (Fig. 5B) . The nuclear staining of ssDNA became very prominent after SNA (Fig. 5B) . The number of MNs with ssDNA was also increased in the ipsilateral lumbar cord (Fig. 5B) . ssDNA ϩ MNs were higher than control at 4 -10 d after lesion. A maximal level was found at 10 d after lesion. To determine the contribution of NOS to the mechanisms of DNA damage accumulation in MNs after injury, OHdG and ssDNA staining was assessed in nNOS Ϫ/Ϫ and iNOS Ϫ/Ϫ mice with SNA. The absence of nNOS and iNOS both attenuated the accumulation of DNA damage in injured MNs (Fig. 5C ). This effect was much greater with iNOS gene deletion (Fig. 5C ). Absence of eNOS did not affect the accumulation of DNA damage in injured MNs (Fig. 5C ). Because the expression of catalytically active NOS (diaphorase activity) seems to come primarily from iNOS, yet both iNOS and nNOS gene deletions protect MNs from apoptosis, an alternative mechanism for neuroprotection was explored in nNOS Ϫ/Ϫ mice. nNOS gene deletion was associated with an upregulation of basal Ogg1 protein in spinal cord MNs compared with wt mice as shown by immunohistochemistry (Fig. 5D ) and Western blotting (Fig. 5E) . Moreover, Ogg1 functional activity was elevated in nNOS Ϫ/Ϫ mice compared with wt mice as shown by the ability to remove 8-oxoG from oligonucleotide (Fig. 5F ). The levels of Ogg1 in iNOS Ϫ/Ϫ mice were not greater than wt mice, and APE appeared to be less affected (data not shown).
Antioxidant therapy protects adult MNs from apoptosis
Pharmacological and transgenic antioxidant therapies were used as interventions to study whether oxidative stress participates in the mechanisms adult MN apoptosis. Trolox treatment had a significant protective effect on MNs after SNA (Fig. 6 A) , but ascorbate treatment failed to provide a protective effect on MN survival (Fig. 6 A) . Tg mice overexpressing normal human SOD1 showed a significant attenuation in the MN apoptosis compared with wt non-tg mice (Fig. 6 B) .
Mutant SOD1 worsens and accelerates injury-induced MN degeneration and converts the apoptotic phenotype to a necrotic phenotype
The tg mice harboring human mSOD1 showed a significant worsening in the loss of MNs after SNA compared with wt non-tg mice (Fig. 6 B) . In mSOD1 mice with SNA, the rate of MN loss was faster compared with wt non-tg mice (Fig. 6C) , and the accumulation of DNA damage in injured MNs was greater compared with wt non-tg mice (Fig. 6 D) . Moreover, the structural phenotype of the MN degeneration was changed in mSOD1 mice (Fig. 6 E, F ) . In wt mice, MN degeneration induced by SNA always resembles apoptosis (Martin and Liu, 2002a) typified by cellular condensation with chromatin compaction into round masses (Fig. 6G,H ) . In mSOD1 mice with SNA, the structure of the MN degeneration was similar to necrosis, as indicated by the cellular swelling, cytoplasmic vacuolation, and the absence of nuclear pyknosis and chromatin condensation (Fig. 6 E, F ) . mSOD1 mice were examined for SNA-induced changes in Fas and NOS. Presymptomatic mSOD1 mice had no immunocytochemically detectable Fas staining of MN cell bodies in the contralateral spinal cord, but lesioned MNs were Fas positive by 2 d after lesion (Fig. 6 I) . Furthermore, in contrast to wt mice, iNOS protein was upregulated in injured MNs in mSOD1 mice (Fig.  6 J) , but no remarkable changes were seen with nNOS after SNA (Fig. 6 K) .
Discussion
We investigated whether Fas and NOS function in adult MN apoptosis. Studies have implicated Fas in developmental apoptosis of embryonic MNs in vitro (Raoul et al., 1999) , axotomyinduced apoptosis of neonatal MNs in vivo (Ugolini et al., 2003) , and in degeneration of embryonic MNs in vitro induced by mSOD1 (Raoul et al., 2002) . Previous work has implicated NO, generated by nNOS or iNOS, and ONOO Ϫ in embryonic MN apoptosis in vitro induced by trophic factor deprivation (Estévez et al., 1998) and zinc-deficient SOD1 (Estévez et al., 1999) as well as MN degeneration in vivo in mSOD1 mice (Almer et al., 1999) and in human ALS (Beckman et al., 1993; Sasaki et al., 2000; Catania et al., 2001 ), but in these latter two settings, the contributions of apoptosis and NOS to the MN degeneration are controversial (Facchinetti et al., 1999; Son et al., 2001; Barbeito et al., 2004; Bruijn et al., 2004) . The roles of Fas and NOS have not been assessed in a system of definite apoptosis in adult MNs. In our SNA model, the neurodegeneration is unequivocally apoptotic, and the dependence of this cell death on Bax and its regulation by p53 support this conclusion (Martin and Liu, 2002a) . The capacity of ONOO Ϫ to generate DNA damage in MNs (Liu and Martin, 2001; Martin and Liu, 2002b ) and the formation of ssDNA within the MN genome coincident with p53 activation (Martin and Liu, 2002a) places ONOO Ϫ as a suspect killer of MNs. Our experiments show that Fas regulates apoptosis of adult MNs in the SNA model. Fas protein was upregulated in MNs at a time coinciding with formation of cleaved caspase-8, indicative of Fas engagement. However, Fas activation can have survivalpromoting actions (Desbarats et al., 2003) ; but, MNs in mice with a spontaneous loss-of-function mutation at the Fas locus were protected against apoptosis, similar to findings using a different apoptosis model (Graham et al., 2004) . Another in vivo axotomy study has shown that Fas activation triggers MN death in the neonatal brainstem (Ugolini et al., 2003) . Our findings with adult MNs are important because assumption that cell death mechanisms in adult and developing neurons are always similar can be inappropriate (Lesuisse and Martin, 2002) , but, in this case, mechanisms regulating death of adult and developing MNs induced by injury have commonalities.
Fas is a member of a family of transmembrane cell surface receptors that include tumor necrosis factor receptors (TNFRs) and low-affinity p75 NGF receptor. Fas, but not p75, has a role in adult MN apoptosis. Another study showed that TNFR1 and TNFR2 appear to cooperate to induce MN degeneration in the adult brainstem, but individually these receptors did not mediate MN death (Raivich et al., 2002) . Thus, there is differential selective involvement of cell surface death receptors in the mechanisms of MN death in vivo. FasL seems to be partly responsible for the activation of Fas because mice with a spontaneous loss-offunction mutation in the FasL gene (Takahashi et al., 1994) were protected partially against apoptosis.
Apoptosis of adult MNs occurs over a period of days, yet apoptosis through Fas is typically rapid and independent of new RNA or protein synthesis (Nagata, 1999) . Variations of this mechanism could be operative in injured adult MNs, because Fas-mediated death of MNs in vitro can involve transcriptional upregulation, notably for nNOS (Raoul et al., 2002) , and might depend on the level of FLIP (FLICE inhibitory protein), the binding of which to Fas competes with activation of caspase-8 (Walsh et al., 2003) . Moreover, p53 activation regulates the sensitivity to apoptosis by allowing cytoplasmic Fas to redistribute to the cell surface (Bennett et al., 1998) , this finding would be consistent with the rich cytoplasmic localization of Fas in wt MNs. Another possibility for delay is p53 transactivation. The Fas gene promoter contains a p53-responsive element, and wt p53 can bind and activate Fas gene transcription (Mül-ler et al., 1998) . The delayed Fas protein upregulation seen at 5-7 d in wt MNs after SNA is consistent with this idea. We show that mice deficient in p53 do not upregulate Fas. Thus, Fas regulation of adult MN apoptosis is downstream to p53 activation. The role of p53 in MN apoptosis is strengthened by work showing that Noxa, another p53 target gene, is a mediator of MN death in the adult mouse brainstem (Kiryu-Seo et al., 2005) .
We found that normal adult MNs express constitutively both nNOS and iNOS. Previous studies have indicated that nNOS and NADPH diaphorase are not expressed in normal adult MNs (Wu, 1993) , although more recent reports show expression (Zhou et al., 1999; Keilhoff et al., 2004) . The presence of nNOS and iNOS in normal MNs was confirmed using several antibodies with confirmed specificities. Interestingly, iNOS is the source of most of the constitutive NOS activity (NADPH diaphorase) in MNs, with nNOS being present but seemingly inactive enzymatically. Endogenous protein inhibitors of nNOS and dimerization state could be responsible for the catalytic inactivation (Kone et al., 2003) .
Our experiments show that NOS regulates adult MN apoptosis. The different NOS isoforms changed reciprocally during MN apoptosis; nNOS protein was upregulated, whereas iNOS protein was downregulated. But, the residual iNOS contributes more than the upregulated nNOS to the injury-induced transient increase in NADPH diaphorase activity and NO production seen at 4 -7 d after SNA. Mice deficient in either nNOS or iNOS escaped injury-induced apoptosis. However, the nNOS Ϫ/Ϫ mice still have low levels of two alternative nNOS isoforms (Faccchnetti et al., 1999) . Both iNOS and nNOS gene deletion abrogated the DNA damage in MNs. Because iNOS is the source of most of the injury-induced NOS activity (NADPH diaphorase) in MNs, deletion of iNOS is likely to be protective through attenuating the formation of DNA damage. nNOS deletion could be protective through different mechanisms, specifically enhancement of DNA repair, as supported by the constitutive upregulation of Ogg1 protein and activity in nNOS Ϫ/Ϫ mice. NO blocks DNA repair by inhibiting Ogg1 (Jaiswal et al., 2001 ) and poly(ADPribose) polymerase (Sidorkina et al., 2003) ; thus, nNOS upregulation after SNA might function to inhibit DNA repair as part of the apoptotic program. The lack of nNOS induction in MNs in mSOD1 with Figure 5 . Identification of DNA damage in MNs after SNA. Spinal cord sections were reacted with monoclonal antibodies to OHdG (A) and ssDNA (B) with sites of antibody binding visualized by immunoperoxidase and DAB (dark reaction product). Sections exposed to the same antibody were processed using identical conditions. These examples are from rats at 4 d (OHdG) or 5 d (ssDNA) after lesion. A, OHdG IR in ipsilateral MNs (arrows) was elevated compared with contralateral nonlesioned MNs. Subsets of ipsilateral MNs (see bottom panel for quantification) had intense cytoplasmic and nuclear OHdG IR (asterisks), whereas contralateral MNs had mostly cytoplasmic OHdG IR. The graph shows counts of the numbers of OHdG ϩ MNs in the ipsilateral (filled bars) and contralateral (open bars) lumbar spinal cord at 2, 4, 5, 7, and 10 d after SNA (n ϭ 6 rats per time point). Cells with only nuclear IR were counted. The values are mean Ϯ SD. *p Ͻ 0.05, **p Ͻ 0.01, significant differences from contralateral MNs. B, ssDNA IR in the nucleus of ipsilateral MNs (arrows) was augmented compared with the faint labeling in contralateral MNs. Subsets of ipsilateral MNs had nuclear ssDNA IR (asterisks), whereas contralateral MNs had infrequent nuclear labeling. The graph shows counts of the numbers of ssDNA ϩ MNs in the ipsilateral (filled bars) and contralateral (open bars) lumbar spinal cord at 2, 4, 5, 7, and 10 d after SNA (n ϭ 6 rats per time point). Cells with nuclear IR were counted. The values are mean Ϯ SD. *p Ͻ 0.05), **p Ͻ 0.01), ***p Ͻ 0.001, significant differences from contralateral MNs. C, Counts of ssDNA ϩ MNs at 7 d after SNA in NOS-deficient mice. *p Ͻ 0.05, **p Ͻ 0.01, significance differences from counts of ipsilateral MNs in corresponding wt control mice. Mice with nNOS and iNOS had significantly attenuated DNA damage. D, Constitutive levels of Ogg1 were upregulated in nNOS Ϫ/Ϫ mice. Immunohistochemistry shows that MNs in nNOS Ϫ/Ϫ mice are robustly immunopositive for Ogg1 compared with MNs in wt mice. E, Western blots of the lumbar spinal cord ventral horn confirmed the upregulation of Ogg1 in nNOS Ϫ/Ϫ mice. GAPDH was a loading control. F, Biochemical activity assay, as determined by cleavage of a 24-mer oligonucleotide containing 8-oxoG (40 g of nuclear protein was reacted in each lane) revealed increased Ogg1 activity in nNOS Ϫ/Ϫ mouse CNS tissue. Under these reaction conditions, enzyme activity in wt mice was undetectable. Scale bars: A, 40 m; B, 37 m; D, 87 m. ipsi, Ipsilateral; contra, contralateral.
SNA is consistent with this idea because the MN death was not apoptotic.
Our results implicate ONOO Ϫ in the mechanisms of adult MN apoptosis. ONOO Ϫ is a strong oxidant formed by a diffusion-limited reaction between NO and superoxide anion (Beckman et al., 1992) . Both NO and ONOO Ϫ accumulated transiently in MNs destined for apoptosis. Superoxide anion production in MNs was not tracked here; however, in related studies, axotomized MNs accumulate large numbers of active mitochondria in their cell bodies and can generate high amounts of superoxide (Liu and Martin, 2001) . Injured MNs accumulated 3-nitrotyrosine IR, indicating the presence of ONOO Ϫ . Trolox, an antioxidant with ONOO Ϫ scavenging activity (Salgo and Pryor, 1996) , protected MNs from apoptosis. However, it is still not definite that ONOO Ϫ is killing the MNs. Another mediator of toxicity could be the hydroxy radical (⅐OH). ONOO Ϫ can homolyze after protonation to generate ⅐OH (Coddington et al., 1998) , but this reaction has been questioned (Kissner et al., 2003) . The increased OHdG staining in injured MNs is consistent with the formation of ⅐OH.
The work on SOD1 mice also supports the roles for ONOO Ϫ and ⅐OH in the mechanisms of adult MN degeneration. Overexpression of wt human SOD1 protected MNs from apoptosis. In contrast, SNA in mSOD1 mice, at a time long before the clinical emergence of disease, caused MN degeneration with an accelerated rate and greater severity compared with wt mice. Moreover, mSOD1 amplified the OHdG-DNA damage and shifted the cellular pathology from apoptosis to a necroticlike death. Thus, mSOD1 exacerbates MN responses to injury. This exacerbation seems to be mediated by iNOS because it was upregulated, in contrast to the downregulation seen in wt mice. ONOO Ϫ or ⅐OH might mediate the spontaneous MN degeneration in mSOD1 mice (Beckman et al., 2001; Liu et al., 1999) , but this issue is controversial (Bruijin et al., 2004) . Moreover, ONOO Ϫ has a role in the potentiation of Fas-induced MN degeneration (Raoul et al., 2002) . Our results support a potential role for ONOO Ϫ as a common mechanism in injury-induced death of adult wt MNs and MNs harboring mSOD1.
DNA damage could be an upstream trigger for MN apoptosis. MNs acquired two forms of DNA damage at early preapoptotic stages, observed as OHdG-DNA lesions and ssDNA lesions. Several reactive oxygen species, including H 2 O 2 , ⅐OH, and Figure 6 . Modulation of MN responses after SNA with antioxidant pharmacotherapy and SOD1 transgenesis. A, Rats were exposed to different drug treatment regimens starting 3 d before lesion and continuing through 21 d after SNA and were killed for stereological counting of lumbar MNs. Trolox (a vitamin E derivative) protected MNs against apoptosis. Ascorbate afforded no protection. The values are mean Ϯ SD. *p Ͻ 0.05, significant difference from vehicle control. B, SOD1 is a modifier gene for MN apoptosis. Non-tg wt mice and tg mice overexpressing wt human SOD1 (wtSOD1 tg) or mutant human SOD1 (mSOD1, G93A) received a unilateral SNA and were killed at 21 d after lesion. MN loss was attenuated by wt SOD1 and was worsened by mSOD1. The values are mean Ϯ SD. *p Ͻ 0.05, significant difference from wt non-tg control. C, mSOD1 accelerates MN loss after SNA. Non-tg wt mice and tg mice overexpressing mutant human SOD1 (mSOD1, G93A) received a unilateral SNA and were killed at 7, 14, and 21 d after lesion. Loss of MNs occurred weeks sooner in mSOD1 mice compared with wt controls. The values are mean Ϯ SD. *p Ͻ 0.05, significant difference from time-matched wt non-tg control. D, mSOD1 accelerates and escalates DNA damage in MNs after SNA. Non-tg wt mice and tg mice overexpressing mutant human SOD1 (mSOD1, G93A) received a unilateral SNA and were killed at 2, 4, and 5 d after lesion. Ipsilateral MNs with OHdG nuclear staining were counted. The values are mean Ϯ SD. *p Ͻ 0.05, significant difference from time-matched wt non-tg control. E-H, mSOD1 changes the structural phenotype of the MN degeneration induced by SNA from apoptosis to necrosis. Nissl staining shows the MN swelling and cytoplasmic vacuolation (E, arrows) in mSOD1 MNs, with confirmation of the cytoplasmic dissolution confirmed in 1 m plastic sections (F, arrows). In contrast, Nissl staining of lesioned MNs in wt shows the apoptosis as characterized by cell shrinkage and chromatin aggregation (G), with confirmation of the cytoplasmic and nuclear condensation seen in 1 m plastic sections (H ). 
ONOO
Ϫ , induce DNA damage (Aust and Eveleigh, 1999) . The precursors of ONOO Ϫ , NO and superoxide anion (Beckman, 1990) , by themselves are not aggressively genotoxic. The MN genome is particularly sensitive to ONOO Ϫ ; it induces abasic sites, single-strand breaks, and double-strand breaks (Martin and Liu, 2002b) . ONOO Ϫ can also cause OHdG lesions through the formation of ⅐OH-like intermediates (Coddington et al., 1998) . OHdG-DNA and ssDNA lesions in injured MNs could be related, because OH-DNA adducts can lead to abasic sites that are converted to DNA single-strand breaks (Kohn, 1991) . The formation of ssDNA in preapoptotic MNs is consistent with a p53-dependent, Fas-regulated cell death mechanism.
